Aggregation of Aβ peptides is important in the etiology of Alzheimer's Disease (AD), an increasingly prevalent neurodegenerative disease. We ran multiple ~ 300 ns all-atom explicit solvent molecular dynamics (MD) simulations starting from three NMR-based structural models of Aβ(1-40 residues) fibrils having 2-fold (pdb code 2LMN) or 3-fold rotational symmetry (2LMP, and 2M4J). The 2M4J structure is based on an AD brain-seeded fibril whereas 2LMP and 2LMN represent two all-synthetic fibrils. Fibrils are constructed to contain either 6 or an infinite number of layers made using periodic images. The 6 layer fibrils partially unravel over the simulation time, mainly at their ends, while infinitely long fibrils do not. Once formed, the D23-K28 salt bridges are very stable and form within and between chains. Fibrils tend to retain (2LMN and 2LMP) or develop (2M4J) a "stagger" or register shift of -strands along the fibril axis. The brain-seeded fibril rapidly develops gaps at the sides of the fibril, which allows bidirectional flow of water and ions from the bulk phase in and out the central longitudinal core of the fibril. Similar but less marked changes were also observed for the 2LMP fibrils. The residues defining the gaps largely coincide with those demonstrated to have relatively rapid Hydrogen-Deuterium exchange in solid state NMR studies. These observations suggest that Aβ(1-40 residues) fibrils may act as aqueous pores that might disrupt water and ion fluxes if inserted into a cell membrane.
Introduction
Alzheimer's Disease (AD) affects millions of people and is becoming more prevalent as the population ages (1) (2) (3) (4) (5) . AD is believed to be mainly caused by aggregates of β-amyloid peptides and neurofibrillary tangles consisting of the intermediate filament protein, Tau (6) (7) (8) (9) (10) . The endpoints of aggregation are amyloid fibrils, though is it widely believed that soluble oligomers, including fibril precursors, are the more important neurotoxins (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) .
Amyloid fibril formation is distinct from normal protein folding, where a single amino acid sequence generally folds to a single conformation; in contrast, amyloidogenesis yields polymorphous (heterogeneous) structures even from chemically pure proteins or peptides. Amyloids are defined by the presence of β-sheets, which commonly are parallel and in-register (26) (27) (28) (29) , but beyond this rudimentary structure motif, the three-dimensional arrangement of the β-sheets and intervening loops is polymorphic. Formation of diverse fibril structures depends on fibrillization conditions. This diversity appears to arise mainly at nucleation, since seeding fresh solutions of Aβ with pre-existing seeds leads to the formation of replicate fibrils, i.e., fibrils having the same structure as parental fibrils, by criteria such as transmission electron microscopy (TEM) and solid-state (SS) NMR (30) (31) (32) (33) (34) (35) (36) .
The ability to form replicate fibrils from seeds was used to interrogate the structure of AD brain amyloid fibrils (35, 37) . Amyloid harvested from the brains of two patients who had died with AD was used to seed the formation of replicate fibrils out of synthetic, isotopically labeled Aβ(1-40 residues). The replicate fibrils were then studied by biophysical methods, especially solid-state NMR spectroscopy. In each patient, replicate fibrils derived from amyloid from three different brain regions had a single structure, as judged from TEM and SS-NMR spectra, but each patient's replicate fibril structure was distinct. In addition, a detailed structural model (2M4J) of the replicate fibrils from one patient differed from those of previously described, allsynthetic fibrils (10, 37) .
Here, we compare MD simulations of the replicate fibrils based on brain-seeded nuclei (2M4J, (37) ) with two other Aβ fibril structural models (2LMN and 2LMP, (38, 39) ) ( Figure 1 , Table 1 ). Fibrils 2LMN and 2LMP are all-synthetic polymorphs formed without seeding, starting with Aβ(1-40 residues) solutions, formed under either "agitated" (gently swirling) and "quiescent" fibrillization conditions, respectively. The 2LMN fibrils have a striated, linear appearance in TEM (9) , and a two-fold axial symmetry. The 2LMP fibrils have a twisted ribbon appearance in TEM (9) , and three-fold axial symmetry. Additional features of the two synthetic fibrils include the presence of a D23-K28 salt bridge in the 2LMN two-fold symmetric fibril, which is absent in the three-fold symmetrical 2LMP fibril, and present in the brain-seeded, 2M4J fibrils. In the 2LMN and 2LMP fibrils, the center of the N-terminal β-strand of peptide i, is coplanar with the center of the C-terminal β-strand of peptide i+2, thereby forming a β-strand stagger along the fibril axis. In the 2M4J fibrils, the N-and C-terminal β-strands of each molecule are initially co-planar.
MD simulations have moved apace with structural studies of Aβ aggregates, mostly fibrils, and these computational studies recently have been thoroughly compared with experimental studies (40) . However, many challenges still exist in this area, even for the relatively well understood fibrils. Most MD simulations have been performed using a number of layers that is orders of magnitude lower than those occurring in actual A fibrils. Thus, the fibril ends might play a disproportionate role in such simulations, while events in the interior of the fibril could be overlooked.
To address this potential problem, we constructed infinitely long fibrils, using periodic images of 6-layer NMR fibril structures. We found that the finite fibrils undergo conformational rearrangements not observed in the infinite fibrils. The D23-K28 salt bridges in 2LMN and 2M4J remained mainly intact over the course of the simulations, while 2LMP fibrils acquired in average one such salt bridge during the course of simulations. The fibrils tend to retain (2LMN and 2LMP) or develop (2M4J) a stagger of -strands in the long fibril axis (Z-axis). Most importantly, we observed a separation of the chains in the x-y plane for the three-fold symmetric brain-seeded fibril (2M4J), that led to penetration of solvent and ions in and out of the core of the fibril. This penetration was essentially absent in the other two fibrils. We discuss possible pathobiological consequences of these observations.
Methods

MD simulations:
We performed all atom, explicit solvent (TIP3P) molecular dynamics simulations based on three structural models of amyloid Aβ(1-40 residues) fibrils (Table 1) using the CHARMM36 force field and NAMD 2.10 (41) . These fibrils consist of 2 or 3 vertical "stacks" (in the z-axis) with each layer in the xy-plane containing either 2 (2LMN) or 3 (2LMP and 2M4J) molecules arranged with rotational symmetry about the z-axis. Finite length fibrils were comprised of 6 layers (12 or 18 chains total), unless otherwise noted. For the sake of consistency, we doubled the deposited 2M4J structure, which has only 3 layers, such that our simulations also were performed on 2M4J fibrils containing stacks of 6 layers. A total of 13 simulations were run as listed in Table 1 . For each fibril model, the first conformer deposited in the Protein Data Bank was used. The N and C termini of Aβ monomers in all structures were protonated.
Addition of missing residues: Residues 1-8 are missing in the structural models of the allsynthetic fibrils (2LMN and 2LMP), because they are not seen in SS-NMR spectra. These residues, however, were observed by SS-NMR for the brain-seeded fibrils (2M4J), and are shown in the structural models. For proper comparison, we constructed models of the allsynthetic fibrils containing these missing residues, using the program Modeller (42) . In addition, we also constructed a 2LMP infinite length model without these residues (the N-terminus of Aβ monomers in this structure were protonated).
Construction of infinite Aβ(1-40 residues) fibrils for simulations:
Infinite length fibrils were constructed by replicating each 6-layered structure along the z-axis using periodic boundary conditions. The top and bottom A molecules were allowed to interact directly with the adjacent images. In the 2LMN and 2LMP structures, the center of the N-terminal β-strand of peptide i, is coplanar with the center of the C-terminal β-strand of peptide i+2. In the 2M4J fibrils, the Nand C-terminal β-strands of each molecule are co-planar. This stagger in 2LMN and 2LMP led to atomic clashes when we attempted to form infinitely long fibrils using periodic images; this was especially obvious around the "bend" regions (amino acids [24] [25] [26] [27] [28] [29] . To separate the clashing loop regions, we rebuilt them with the loop modeling protocol implemented in the program Modeller (42) . When necessary, we resolved inter-boundary side chain clashes by rotating them using the Molefacture plugin in VMD (43) .
Solvent conditions:
The finite and infinite structures were solvated with a padding of 12.5 or 20 Å, respectively, between the protein and the boundary of the solvation box. The padding along the z-axis in infinite fibrils was set so that overlap among water molecules of periodic images was minimal. Any overlap disappeared during the system equilibration period. The 2LMP and 2M4J structures started with a water filled core. All systems were ionized to neutrality with NaCl. Harmonic constraints were placed on the protein backbone atoms and were removed gradually during the equilibration period.
Preservation and formation of salt bridges. We tracked the preservation of salt bridges between the side chains of D23 and K28 in 2LMN and 2M4J fibrils, and also the possible formation of a salt bridge in 2LMP (all-synthetic, 3-fold symmetrical fibrils). The K28-D23 salt bridge was considered present if the distance between N of K28 was ≤ 3.7 Å from O of D23 and if this criterion was fulfilled in at least 60% of the simulation time. Salt bridges can be intramolecular or intermolecular, or both. Hence, it is possible for a single D23 or K28 to be involved in more than one salt bridge.
As mentioned, loop regions of 2LMN were rebuilt to avoid steric clashes. The deposited 2LMN structure showed an average of four D23-K28 salt bridges per stack of six molecular layers. In the rebuilt loop regions of 2LMN we ensured that initial salt bridges were not distorted by maintaining a distance of ≤ 3.7 Å between N of K28 and O of D23 during the loop remodeling.
Simulation details: After constructing fibrils as described, all of the A peptide backbone atoms were restrained using harmonic constraints, and the structures underwent energy minimization, using conjugate gradient, steepest descent for 20,000 steps. The infinite fibril systems were subsequently heated to 300K over 0.33 ns in the canonical (NVT) ensemble, followed by a gradual pressure application to atmospheric pressure and removal of the harmonic constraints from the loops and tails (residues 1-10 and 23-30) over 2.45 ns. The pressure applied to the system was increased in a gradual manner (from 0 bar to atmospheric pressure) to prevent structural deformation at the periodic boundaries and to preserve the spacing between periodic images; this procedure was necessary to simulate infinitely long fibrils. The finite fibril systems were heated to 300K for over 0.33 ns in the isobaric-isothermal (NPT) ensemble without a gradual pressure application. We simulated a 2LMN finite system with gradual pressure increase; the resulting model was very similar to the one with instant pressure application. After removing harmonic constraints on the rest of the protein (3.45 ns), the production simulations were performed in the NPT ensemble (1 bar and constant temperature T = 300 K). Simulations were regulated using Nosé-Hoover Langevin piston pressure control (44, 45) and Langevin damping dynamics. Bonded and short-range non-bonded interactions are calculated at every time step (2 fs). Electrostatic interactions were evaluated every 2 time steps using the particle mesh Ewald method (46) . The cut-off distance for non-bonded interactions was 12 Å. The van der Waals interactions were smoothly truncated to 0 between 10-12 Å, while electrostatic interactions were shifted so that they had a value 0 at the cut-off distance. The pair list for nonbonded interaction was calculated every 10 time steps for those pairs separated by less than or equal to 13.5 Å. Distances of all bonds to hydrogen atoms were constrained by the RATTLE algorithm (47) . The trajectories were analyzed with in-house scripts and the program VMD (43) .
Tracking water molecules: A central, hydrated core in the 2M4J structure is formed by residues 31-37. The core radius is computed using the program Hole (48, 49) , which employs a Monte Carlo simulated annealing procedure to find the maximal radius of a sphere that can be 'squeezed' through the core at a given position along the core's normal axis. Thus, Hole outputs a radius value for positions along the core's normal (here, z) axis. We ran Hole at each frame of the trajectory and obtained radii for positions along the core's normal axis for each frame. The reported radius was calculated as the average of radii corresponding to the middle three monomers that form the core for each frame.
We calculated the residency time for water molecules in the central core as the average time it takes for these molecules beginning in this region to exit. For a given reference frame, we selected water molecules in the core and started a frame counter for each molecule, terminating it upon the molecule's exit. This procedure was run on multiple trajectory windows along the full trajectory and for windows of different sizes, from which an average and standard deviation were calculated.
As shown below, ions and water diffuse through both the edges and the central core of 2M4J (brain-seeded) fibrils. In order to compare water diffusion through and within the 2M4J fibrils to diffusion in bulk water, the mean square displacements of water molecules inside the 2M4J central core were calculated. For detailed description of the diffusion analysis, see Supporting Information.
We also tracked sodium ion permeation through the core. The coordinate space was partitioned into 5 regions, with the origin placed at the center of the core. All sodium ions were assigned labels that were updated every frame, corresponding to their location in the partitioned space. Based on how the labels changed throughout the trajectory, it could be determined whether a given sodium ion permeated the core.
NMR Calculations: NMR and simulated structures were compared to the distance and backbone torsion angle constraints available through the protein databank for the structure 2M4J (filename 2m4j.mr). Comparisons were made by producing a histogram of distances for the atoms of a given constraint from the coordinate files. The NMR derived structure 2M4J consists of 20 structural models each of which contain 9 amyloid chains. For each given atom pair in a distance constraint, this produces 900 distances that were included in a histogram. For ambiguous constraints, all atom pairs were included in the histogram so that the total number of distances is 900 times the degeneracy of the constraint. The simulated structure included 18 amyloid chains, which produced 171 distances per atom pair of constraint. These distances were then averaged over the last 200 steps of simulation where it is assumed that the system has reached equilibrium. These histograms were then compared with the range of values given by the constraint file. If the histogram showed distances within this range, the structure is considered to be consistent with that constraint. Backbone torsion angle constraints were treated similarly. The constrained phi/psi angles were calculated from the 20 models of 2M4J, while for the simulations the phi/psi angles were averaged over the last 200 timesteps.
Results
Finite fibrils, but not infinite fibrils, unravel in simulations.
For the three fibril forms (2LMN, 2LMP, and 2M4J), we compared the MD simulations of the infinite-length fibrils to fibrils comprised of 6-molecule layers of Aβ(1−40) peptides. Infinite-length fibrils were constructed by replicating each 6-layered structure along the z axis using periodic images.
All finite fibrils exhibited significant deviation from the starting structures, mainly an unraveling of the ends, whereas the infinite fibrils showed less of this deviation (Figure 1) . In all cases, the infinite-length fibrils had lower final backbone RMSD values than their finite length counterparts (Figure 2) . Among the finite fibrils, the 2M4J (brain-seeded) model had the maximum deviation from initial to final state. As shown in Figure 2 for the central regions of the peptide (i.e., excluding the mobile terminals, residues 1-8 and 37-40), the RMSD of the finite fibrils increased by ~ 8-11 Å, while the infinite fibrils, the increase was only 4-5 Å. The RMSD calculation including all residues also showed similar trends (supporting Figure 1 , RMSD values for replicate simulations are also shown). In 2M4J fibrils (finite > infinite length, discussed below), the three stacks separated from each other. In the 2M4J and 2LMP fibrils, we also observed the loss of the initial 3-fold symmetry (Figure 1 , finite >> infinite).
The initial jump in the RMSD values largely represents an equilibration period as the added initial restraints on the backbone atoms were gradually removed (the initial structure is a single configuration of an ensemble of structures; the MD modeling allows the structure to relax around this structure). The RMSD values for each fibril leveled off after the first 20-40 ns of the simulation time.
Similar findings were obtained using a quantification of the structural flexibility, the rootmean-square-fluctuation (RMSF) of C atoms (Figure 2) . The RMSF values for the residues 9-36 for each fibril were computed for each monomer over the last 150 ns of the trajectory and then averaged over all monomers in a vertical stack. The average RMSF values in the finite fibrils are higher than in the infinite length fibrils, indicative of increased structural integrity for the infinite length models. In the finite fibrils, residues 22-30, corresponding to the loop regions of the A peptides, had the largest fluctuations. We observed that the loop regions of the top and bottom layer monomers started to separate from the stack. As discussed below, the fraying of the ends of the finite length fibrils may have mechanistic implications for fibril disassociation. This distinction was not apparent in the infinite fibrils.
Salt-bridges:
A key feature of some fibrils, but not all, is a salt bridge between the side chains of D23 and K28 in the initial SS-NMR-based models. This feature was detected in fs-REDOR experiments of appropriately labeled peptides, and has been found in 2LMN (30, 38, 50) and 2M4J (37) fibrils, but not in 2LMP (39, Table 1 ). We tracked the salt bridges present initially in 2LMN and 2M4J and investigated whether salt bridges would develop in 2LMP fibrils. The number of D23-K28 salt bridges was nearly constant over the course of the simulation in all systems (Supporting Figure 2A) . The number of initial salt brides in the 2LMN finite system decreased due to unraveling of the structure during the simulation. The 2LMP structures (both finite and infinite) had virtually no salt bridges initially and developed an average of only one salt bridge per stack, transiently, during the course of the simulations. In the 2M4J (brainseeded) fibrils, initially all D23-K28 salt bridges were intramolecular. In the course of the simulations, however, in some cases the K28 side chain interacted with D23 side chains of two flanking molecules in a vertical stack, simultaneously forming intra-and intermolecular salt bridges (Supporting Figure 2B) . Because K28 can interact simultaneously with D23 of two adjacent A molecules, the infinite 2M4J fibril had more salt bridges than the other fibril types and acquired 3 additional salt bridges per stack during the course of the simulation. The significant deformation of the finite length 2M4J fibril during simulations, did not result in the reduction of its original number of D23-K28 salt-bridges. The number of D23-K28 salt-bridges in the infinite fibril trajectory replicates are almost the same in each of the fibril types (Supporting Figure 2C ).
Missing residues: Residues 1-8 are missing in the structural models of the all-synthetic fibrils because they are seen either poorly or not at all in the SS-NMR experiments. They are also not considered in most of computational simulations of A peptides. These residues, however, were observed by SS-NMR of brain-seeded fibrils and are shown in the structural model derived from NMR and other experimental data (37) . Supporting Figure 3A shows that deletion of these residues increased the structural deformation of the infinite-length fibril. The structural flexibility was also increased in one of the 32-residue fibril stacks (larger RMSF values in stack-1, supporting Figure 3B ). This region of the A(−) contains a group of five charged residues that formed several transient salt bridges in the course of simulations helping to stabilize the 2LMP structure.
Alterations in the stagger: In the 2LMN and 2LMP structures, the center of the N-terminal βstrand of each peptide i is coplanar with the center of C-terminal β-strand of peptide i+2, i.e., there is a "stagger" in the fibril structure. A consequence of this stagger is that the fibril ends contain solvent-exposed hydrophobic residues, as well as unsatisfied hydrogen bonding sites. In contrast to 2LMN and 2LMP, in 2M4J fibrils the N-and C-terminal β-strands of each molecule are initially co-planar. During the simulation, the molecular stacks of 2M4J, especially in the finite-length fibrils, tended to develop a stagger reminiscent of those in the all-synthetic fibrils (Supporting Figure 4) . This also occurred, albeit at a slower rate and in only one of the three stacks, in both replicate simulations of the infinite-length 2M4J fibril (See Stack 3, arrow, Supporting Figure 4 ).
Movement of water molecules in and through fibrils:
The -sheet regions of many amyloids, notably of A, are comprised mainly of hydrophobic amino acids. Furthermore, some interfaces between -sheet regions of amyloids are thought to be nearly anhydrous (51) (52) (53) (54) . This was also the case for the -sheet regions of the fibrils examined in our simulations. Water molecules were excluded from the regions occupied by side chains between -sheet lamina. On the other hand, water molecules were initially present within the center of the 2M4J, and 2LMP models ( Figure  4A , both finite-and infinite-length). The number of water molecules in the central core of the 2M4J fibrils (both the finite and infinite length) significantly increased because of the gaps that opened at the sides of the fibrils between the N-terminal region of one peptide, and the bend region of an adjacent peptide ( Figure 4A ). There was greater disruption in the finite-length 2M4J fibrils, where the stacks became more disordered (Figure 1) . The gap opening was small for both the finite and infinite 2LMP models.
In the infinite-length 2M4J fibril, water was able to flow laterally through these gaps, which, in effect, formed an aqueous pore, with a continuous water phase extending into the central core of the fibril. The regions in which these gaps formed largely overlaps with the portion of the fibril previously shown to undergo relatively rapid hydrogen-deuterium (H/D) exchange in NMR experiments, i.e., A2, F4, D7, S8, G9, G25, and S26 (37) . At these gaps, water was observed to flow in both the hydrogen bonding (z-axis, longitudinal) and side-chain (xy-plane, lateral) dimensions of the fibril. For the infinite fibrils, water initially enters the central core from the side-chain (radial) dimension (by construct, water cannot initially flow from bulk phase to the central core from the z-dimension because the fibril is infinite in this dimension). In contrast to the brain-seeded fibrils (2M4J), in the all-synthetic fibrils, this gap was much less apparent (2LMP trajectories) or was absent (2LMN simulations). The all-synthetic infinite fibril types had relatively water-tight edges. Figure 4B shows the flux of water molecules through the infinite-length 2M4J fibrils in the x-y plane. After an initial set of transient events in the region of residues 31-37 surrounding the central cavity, described below, new water molecules entered the core, while water molecules initially present gradually exited. The core radius was increased by ~ 1.5Å by the end of the simulation reaching 11.0 Å (Figure 5A , in the longer second replicate simulation). Figure 5B shows the number of water molecules inside the central core of the 2M4J structure over the course of the simulation (through the model-building, equilibration and production phases). The central core was filled with water at the beginning of the simulation (Fig 4A) . The number of water molecules decreased sharply but transiently at the beginning of the simulation, during the equilibration phase, and very quickly recovered its initial value. During this period, the protein backbone is restrained and gradually released to minimize the conformational changes while the side-chains equilibrated with water molecules. As the protein backbone restraints were released, these residues moved away from the center of the core causing a transient increase in the core radius (Fig 5B) , and efflux of water molecules from the central core formed by residues 31-37. Water molecules refilled the core within ~ 10 ns as the core structure adjusted to removal of the restraints. As the gaps opened at the sides of the fibrils and external water molecules entered the core, the initial water molecules gradually exited. By ~ 100 ns, the number of water molecules in the 2M4J central core increased by ~ 33% in replicate one (by ~ 200 ns in the second replicate). It took 0.43 ± 0.12 ns (mean ± SD) for a water molecule to leave the central core of the 2M4J structure. Similar changes, although smaller, were observed for 2LMP infinite and finite fibrils. The central core of this system was also filled with water molecules, but its radius almost stayed constant throughout the simulation (Supporting Figure 6 ).
In order to compare diffusion through and within the 2M4J fibrils to diffusion in bulk water, the data were analyzed according to the equations for linear and anomalous diffusion processes (see Supporting Information for further details). Figure 6 shows the mean square displacement (MSD) along the x, y, and z directions of water molecules beginning in the hydrated central core of the 2M4J infinite fibril as a function of lag time. 〈 〉 is the ensemble average of the mean squared displacement of a given group of water molecules. In the z direction, 〈 〉 for water within the 2M4J central core is linear with time, indicative of free diffusion, i.e., it followed the equation
where d is the dimensionality of the translation (i.e., d = 3; 2; 1), D is the diffusion coefficient, and l is the lag time in the simulation. The diffusion coefficient for bulk water and water along the z-axis of the fibril were 3.96  10 -9 and 3.73  10 -9 m 2 /s, respectively. This is similar to that of TIP3P water model (4.0  10 -9 m 2 /s) bulk solvent 55 . For the x and y directions, water flux was slightly sub-diffusive, i.e., it followed the equation
where F is a mobility factor (56), with the units of a diffusion constant. For  < 1,  = 1 or  > 1, the particles are sub-diffusive, regularly diffusive or super-diffusive, respectively. F was quite similar to D (4.38  10 -9 and 4.48  10 -9 for the x and y directions, respectively), and  was less than one (0.886 and 0.887 for the x and y directions), indicating slightly sub-diffusive flow. As expected, given the isotropy of the core, the parameters in x and y dimensions are similar. The sublinearity is attributable mainly to interactions water with amino acid side chains. In addition, it can be attributed to obstacles to translation in the x-y plane outside of the core, e.g., fibrils in adjacent images. These factors somewhat retard water diffusion along the x and y directions from matching that of bulk for longer lag times (Figure 6) . Considering that the fibril is relatively permeant in the x-y plane due to the lateral pores, the slight sub-linearity is reasonable.
The solvent contains only a small number of ions, added to maintain neutrality of the system. Nonetheless, we were able to track the passage of four sodium ions from the exterior of the 2M4J infinite fibrils (in the 500 ns long trajectory), into the fibril and the central core before exiting through a lateral core (Supporting Figure 6 and included movie). Although this small number precludes quantitative measurements of ion diffusion rates, these observations suggest that ions could follow water into and through 2M4J fibrils.
Secondary structure and hydrogen bonds: β-sheet content of all of structurers stayed relatively constant throughout the simulations (Supporting Figure 8A) . Although finite fibrils deviated from the starting structures, they maintained a constant β-sheet content. Similarly, despite the gaps that opened at the sides of 2M4J fibrils during simulations, and the loss of symmetry, sheet stacks remained fairly constant . Similar pattern was observed in the number of backbone Hydrogen bonds (Supporting Figure-8B) . Figure 9 A shows histograms of the observed distances between atoms constrained in the NMR structure for both the NMR model, 2M4J, and the average of the last 200 time steps of the simulation in blue. The value of the constraint range is shown as a red box. The structure is considered to be consistent with the constraint if at least one distance is with the constraint range. By this criterion, we find that all the distance constraints are consistent with both the NMR structure while the simulated structure violates 4 constraints.
Comparison of the simulation to the NMR data: Supporting
Supporting Figure 8 B shows the Ramachandran Plots for all backbone torsion angles constrained by the NMR chemical shift data. The chemical shift data constrain the torsion angles to the pink boxes in the figure, while the measured values from the NMR and simulated structures are shown by blue and black circles. If the majority of the measured values of the backbone torsion angles are consistent with the NMR constraint, the structure is considered to be consistent with the constraint. We find that 62.5% of the constraints are consistent with both the NMR and simulated structures, 12.5% are consistent with only the NMR structure, and 15.6% only with the simulated structure. 9.4% of the constraints are violated by both the NMR and simulated structures.
Discussion
We compared three structural models of Aβ(1-40 residues) fibrils using MD simulations, two all-synthetic fibrils (2LMN, with a two-fold axis of symmetry; and 2LMP, with a three-fold axis of symmetry along the z-axis), and one brain-seeded fibril (2M4J, with a 3-fold axis of symmetry). The following are our four main findings.
First, we compared finite length (6 layered) fibrils to infinite fibrils constructed by replicating the structures along the z-axis using periodic images. In finite fibril simulations, fibril ends undergo more movement than interior regions, as indicated by a larger increase in RMSD and RMSF valuesan effect not observed for infinitely long fibrils. The unraveling we observed for finite length fibrils may partly reflect the process of fibril disassembly from the fibril ends. The studies of infinitely long fibrils report more on the body of the mature fibril, i.e., without effects attributable to fibril ends.
Finite-length constructs may be useful as models of soluble oligomers or so-called "protofibrils" of Aβ(1-40 residues), i.e., precursors to the mature fibril. There is currently little structural information on soluble oligomers, but this limited information suggests structural similarity of some oligomers (57) (58) (59) (60) to mature fibrils, i.e., parallel, in-register β-sheet. (This is not necessarily true of all oligomers, as other structures, i.e., anti-parallel β sheets, have also been reported (61) (62) (63) .
Second, the D23-K28 salt bridges in initial structures of 2LMN and 2M4J generally were retained during the simulations. For 2LMP, where no salt bridges are initially present, either no or one salt bridge transiently formed during simulations. Distinguishing between intra-and intermolecular contacts by solid-state NMR requires experiments specifically designed to make such distinctions, e.g., isotope dilution experiments; such experiments are also of limited sensitivity. In our simulations, salt bridges in 2LMN and 2M4J (brain-seeded fibrils) were both intra-and/or intermolecular, i.e., K28 of one Aβ(1-40 residues) could interact simultaneously with D23 of the same or an adjacent Aβ(1-40 residues) molecule (along the z-direction). Thus, the number of salt bridges depended primarily on the initial conditions, indicating that these salt bridges are stable over the course of the simulations.
Third, molecules in each of the Aβ(1-40 residues) fibrils retain or develop a stagger in the zdirection. In 2LMN and 2LMP, this stagger is present in the initial structural model. In 2M4J fibrils, the N-and C-terminal β-strands of single Aβ(1-40 residues) molecules are initially coplanar. Over the course of the simulations, these fibrils tend to develop a stagger reminiscent of those in the other fibril types. This behavior was most evident in the finite length fibrils, but also occurred, to a limited extent, even in the infinitely long 2M4J fibrils. The inter-monomer salt bridge contributes to the stagger formation (Supporting Figure 2B) . A consequence of the stagger is that the Aβ(1-40 residues) molecules at the ends of the fibrils have solvent-exposed hydrophobic amino acids side chains, as well as unsatisfied hydrogen bond donors and acceptors. As a result, the finite length fibrils exhibited much greater unraveling during the simulations than the infinitely long fibrils. Extrapolating to fibril assembly and disassembly, these results underscore the importance of the fibril ends in these processes. In addition, these results may help to rationalize the many observations that soluble oligomers and "protofibrils" are more cytotoxic than long fibrils: the fibril ends appear to be more mobile and reactive than the centers of fibrils.
Finally, and perhaps most importantly, the vertical stacks of the infinitely long 2M4J fibrils separate in a way that allows lateral entry of water into the fibril's central cavity, and movement in the z direction (we observed the same phenomenon in simulations of 2LMP fibrils, though the changes were less marked). As expected, the -sheet regions of the amyloids remain largely anhydrous and have essentially water-tight edges in all three structural forms. The 2M4J brainseeded fibril, however, rapidly developed gaps between the N-terminus of one peptide molecule and the bend region of an adjacent peptide molecule. The residues comprising the gaps coincided with those that showed relatively rapid H/D exchange in SS-NMR studies of the fibrils, i.e., A2, F4, D7, S8, G9, G25, and S26.
The gaps observed in 2M4J allowed water to flow bidirectionally from the bulk phase, through the lateral gaps and into the central longitudinal core of the fibril. Recent studies using multidimensional IR have documented the presence of mobile water molecules in amyloid fibrils, even in relatively anhydrous areas (64, 65) . Diffusion of water within the core in the z dimension of the fibril was similar to diffusion of bulk solvent, while slightly sub-linear diffusion was observed for movement in the x-y plane. Ions were also able to pass through the aqueous pores, and the few that permeated the core traveled pari passu with water, along the z dimension of the fibril (Supporting Fig7, movie) . Alred et al. (66) used multi-layered 2lMP and 2M4J fibrils (not infinite) and did not observe similar gap openings. This may be due to their MD protocol where they scaled the mass of the solvent atoms by a factor of 0.5 ("reducing the viscosity of the solvent", as stated in their paper). They also used a different version of Charmm forcefield. The new version (charmm36) has major improvements for the protein parameters.
Three points about SS-NMR can help to account for the fact that the structure of brainseeded (2M4J) fibrils changed during simulation. First, SS-NMR (like solution NMR) examines events occurring on the microsecond or longer time scale, whereas our simulations examine events on the pico-and nanosecond time scale. Thus, some of the structural fluctuations observed in simulations could be averaged out or otherwise invisible in SS-NMR measurements. Second, the structural model proposed largely on the basis of SS-NMR data (37) includes a three-fold axis of rotational symmetry. This proposal of symmetry was based in part on the observation of a single spin system for each atom, which suggests a single conformation, or alternatively, static and/or dynamic inhomogeiety averaging to 3-fold symmetry. The presence of a single set of peaks is also true for SS-NMR data leading to the structural models of the allsynthetic fibrils, which show either a two-(2LMN) or three-fold (2LMP) axis of symmetry. Naturally, NMR cannot account for sparse variants that deviate from rotational symmetry, i.e., variants present at concentrations below the limits of detection. Thus, the proposal of rotationalsymmetry is likely based on an averaging of detectable signals.
To determine the consistency of the MD simulations with the NMR structure of the brainseeded fibrils (2M4J), we examined the NMR distance constraints torsional angle constraints and compared them to the major structural change of the fibril seen in the simulation. MD simulations show an opening of contacts between residues 5-10 and residues 24-27. The NMR constraint file has 10 contacts between these regions, but only one of them is unique; i.e. the other 9 can be assigned to contacts between other regions of the fibral that do not change much in the simulation. Thus, the only constraint violated by the simulated structure is between the N of residue 8 and the CG of residue 24. More experimental measurement will clear up this discrepancy.
The preceding findings on water flux through the fibril may have implications for the mechanisms of Aβ toxicity and AD pathogenesis in two areas. First, most investigators now believe that soluble Aβ oligomers and "protofibrils", rather than mature fibrils are the more important neurotoxins in the pathogenesis of AD. Structural information on soluble Aβ oligomers is limited, however, and there is no consensus about what types of oligomers are most relevant to AD. As stated, both parallel, in-register and antiparallel β-sheet structures have been reported. Our simulations could shed some light on the former, which in their overall architecture resemble fibrils in that they contain a β-sheetbend -β-sheet motif (22, 57, 58) . Thus, some properties observed in the simulations for the fibrils (especially the finite length fibrils), may be applicable to the oligomers. In particular, the differences we observed between finite-and infinite-length fibrils highlight the differences between the structures of the fibril center and its ends: they illustrate the relative instability of the ends at which fibril dissolution probably occurs. Furthermore, they underscore the inherent instability of soluble toxic oligomers, which tend either to disassociate into monomers or grow into fibrils.
Second, one of the main proposed mechanisms of Aβ toxicity is the disruption of water and/or ion fluxes at neuronal cell membranes, especially of Ca ++ (67-76; for review see 77-80; for parallel references on islet amyloid polypeptide, see [81] [82] [83] [84] [85] . While the precise mode of association of Aβ oligomers or fibrils with cell membranes remains poorly understood, it appears that Aβ peptides can insert into lipid bilayers, and otherwise disrupt cell membranes. Our simulations suggest that penetration of Aβ aggregates (fibrils or perhaps some oligomers) through cell membranes could open aberrant pores, where water and ions might flow through the fibril into or out of the cell. In addition to flow through the fibril, water might also flow through a defect in the membrane caused by the fibril or oligomer insertion. Flux through the fibril could represent an additional pathway for the abnormal ion transients that develop in the course of Aβ toxicity. This suggestion requires further experimental and modeling investigations.
Conclusion
Our multiple ~ 300 ns all-atom explicit solvent molecular dynamics simulations of three types of Aβ(1-40 residues) fibrils (2LMN, 2LMP, 2M4J) composed of either 6 or an infinite number of layers (made using periodic images) indicate that the former tend to unravel in a manner suggestive of the dissolution of fibrils or of some types of soluble oligomers. Saltbridges in the structures tended to remain stable in those fibrils that contained them initially, while those without salt bridges did not develop them over the time course of the simulations. All fibrils showed some tendency to develop a "stagger" or register shift of -strands along the fibril axis. Perhaps most importantly, the brain-seeded, 2M4J fibril rapidly develops gaps at its sides, which allows bidirectional flow of water and ions from the bulk phase in and out the central longitudinal core of the fibril. This behavior was also observed for the 2LMP fibrils, though to a lesser extent than for 2M4J fibrils. The development of an aberrant pore for water and ions could contribute to the neurotoxicity of Aβ aggregates. Since at least some oligomers resemble fibrils structurally, the previous statement could apply to soluble oligomers as well as fibrils. 
Figure legends
1. Top view of the initial and final structures of three fibril models after the simulations. The three fibril types are 2LMN (two-fold symmetrical, all-synthetic), 2LMP (three-fold symmetrical, all-synthetic), and 2M4J (three-fold symmetrical, brain-seeded). The figure compares finite length fibrils containing six molecular layers, and infinitely long fibrils, constructed by replicating 6-layered structure along the z-axis using periodic images. Asp 23 (red) and Lys 28 (blue) form salt bridges in 2LMN and 2M4J, but not 2LMP. A side view of the 2M4J infinitely long fibril structure is also shown; the structure of the repeated unit is depicted in yellow, as are the two periodic images above and below in blue and red, respectively. 
Backbone
(A)
The central core radius of the 2M4J structure in the course of the simulation (through the model-building, equilibration and production) and (B) the number of water molecules inside the central core. The reported radius was calculated as the average of radii corresponding to the middle three monomers that form the core for each frame of the trajectory.
6. The mean square displacement (MSD) along the x, y and z directions for water molecules beginning in the hydrated central core of the 2M4J infinite fibril as a function of lag time, as well as that for an isotropic bulk water simulation; they are shown in red, green, blue and cyan respectively. For clarity, every hundredth point is plotted. The equations for linear and anomalous diffusion processes are given in Supporting Information. 3. The effect of 8 first residues in the stability of the structures. For fair comparison, the RMSD and RMSF values are calculated for residues 9-40 for the infinite-length 2LMP structure containing all 40 residues. The lack of these residues increased the structural deformation of the infinite-length fibril, evident from increases in the RMSD values in the infinite 2LMP system without the first 8 residues. The structural flexibility was also increased in one of the 32-residue fibril stacks (larger RMSF values in stack-1). In the RMSF plots, very flexible tail residues 37-40 are not shown. This region of the A(−) contains a group of five charged residues that formed several transient salt bridges in the course of simulations helping to stabilize the 2LMP structure.
4. Stagger formation in the 2M4J infinite-length system. A stagger developed only in the third stack (refer to text Figure 1 for the order of stacks). The C-terminal -strand of peptide i that originally lay parallel to and coplanar with the N-terminal -strand on the same peptide became coplanar with the N-terminal -strand of peptide i-1.
The central core radius of the 2LMP structure in the course of the simulation (through the model-building, equilibration and production) and (B) the number of water molecules inside the central core. The reported radius was calculated as the average of radii corresponding to the middle three monomers that form the core for each frame of the trajectory.
6.
A sodium ion permeating through the infinitely long 2M4J structure in the course of the simulation. The starting position of the ion is shown in green and the final position in yellow. A movie of the sodium ion permeating through the infinitely long 2M4J structure is included. The ion begins outside of 2M4J structure and travels into and through the central core before exiting via a lateral pore. The unit cell contains a 6 layered 2M4J structure, and several periodic images along the fibril's longitudinal axis are depicted. 8. Comparison of NMR structural constraints to NMR derived structure 2M4J and simulated structure. A) Histograms of interatomic distances for atoms constrained by NMR data.
Interatomic distances were measured between all intra and inter chain distances in the NMR and simulated structures. The counts for the histograms are shown in blue bars. The red box is the range of values consistent with the NMR distance measurement. B) Ramachandran Plot of the backbone torsion angles derived from the NMR and simulated structures. Pink boxes in the plots are the region of the torsion angle constrained by the NMR chemical shift data. Figure-1 (A) Top view of the initial and final structures of three fibril models after the simulations. The three fibril types are 2LMN (two-fold symmetrical, all-synthetic), 2LMP (three-fold symmetrical, all-synthetic), and 2M4J (three-fold symmetrical, brain-seeded). The figure compares finite length fibrils containing six molecular layers, and infinitely long fibrils, constructed by replicating 6-layered structure along the z-axis using periodic images. Asp 23 (red) and Lys 28 (blue) form salt bridges in 2LMN and 2M4J, but not 2LMP. A side view of the 2M4J infinitely long fibril structure is also shown; the structure of the repeated unit is depicted in yellow, as are the two periodic images above and below in blue and red, respectively. 
Figure 3
Cα-RMSF of fibrils (as in Figure 2 , flexible residues 1-8 and 37-40 are excluded). Dashed lines are finite length fibrils solid lines are infinite fibrils. A: 2LMN (all-synthetic, two-fold symmetrical). B: 2LMP (allsynthetic, three-fold symmetrical). C: 2M4J (brain-seeded, threefold symmetrical). Average RMSF values for residues in each stack in different replicates are shown. Stagger formation in the 2M4J infinite-length system. A stagger developed only in the third stack (refer to text Figure 1 for the order of stacks). The C-terminal -strand of peptide i that originally lay parallel to and coplanar with the N-terminal -strand on the same peptide became coplanar with the N-terminal -strand of peptide i-1.
A B
Gap opening Figure-5 (A) The central core radius of the 2M4J structure in the course of the simulation (through the model-building, equilibration and production) and (B) the number of water molecules inside the central core. The reported radius was calculated as the average of radii corresponding to the middle three monomers that form the core for each frame of the trajectory. The mean square displacement (MSD) along the x, y and z directions for water molecules beginning in the hydrated central core of the 2M4J infinite fibril as a function of lag time, as well as that for an isotropic bulk water simulation; they are shown in red, green, blue and cyan respectively. For clarity, every hundredth point is plotted. The equations for linear and anomalous diffusion processes are given in Supporting Information.
